The sound pressure at the ear drum is the reference quantity for almost all applications of sound delivery to the ear, especially in hearing aid fitting. Since hearing aids are typically calibrated using the so called 2cc-coupler, the link to the individual sound pressure at the ear drum is given by the real-ear-to-coupler-difference (RECD). Nowadays, averaged RECDs are used for hearing aid fitting, which do not account for inter-individual differences in ear canal acoustics. As a consequence, resulting coupling errors may reach 15 dB for frequencies up to 10 kHz. Alternatively, there are methods for estimating individual RECDs, based on acoustic impedance measurements at the inner face of the ear mold. These methods differ in effort (e.g. the complexity of the ear canal model and fitting algorithm) and accuracy. By using an integrated ear canal microphone, individual RECD estimation could be feasible in future hearing aid fitting. In this research, six different methods to predict individual RECDs were compared using simulations as well as real ear measurements with open and closed ear molds. As a result, it appeared that relatively simple cylindrical and conical ear canal models give the best compromise between effort and accuracy.
INTRODUCTION
The sound pressure at the ear drum is the reference quantity for almost all applications of sound delivery to the ear, especially in hearing aid fitting. Since hearing aids are typically calibrated using the well-known 2cc-coupler, the link to the individual sound pressure at the ear drum is given by the real-ear-to-coupler-difference (RECD). The RECD depends on the properties of the outer and middle ear, and therefore, is individual for every subject. Since the direct measurement of the RECD in the immediate vicinity of the ear drum is rather complicated, averaged RECDs are typically used in hearing aid fitting. As a consequence, coupling errors occur and may reach 15 dB for frequencies up to 10 kHz.
Alternatively, there are methods for estimating individual RECDs, based on acoustic measurements at the inner face of the ear mold. By using an integrated ear canal microphone, such methods could be feasible in future hearing aid fitting. In this research, we concentrate on methods which are based on acoustic impedance measurements in the ear canal. To this end, we compare six different methods for predicting individual RECDs using simulations as well as real ear measurements with open and closed ear molds.
DESCRIPTION OF RECD PREDICTION METHODS
By definition, the RECD describes the difference of the sound pressure levels measured at the ear drum and in the 2cc-coupler [1] . In this research, we consider the RECD to describe the complex-valued transfer function H RECD , given by the sound pressure at the ear drum divided by the sound pressure in the 2cc-coupler,
Considering the model framework shown in Fig. 1 and ignoring the leakage impedance Z leak for now, the sound pressure at the ear drum can be calculated according to [2] , The source impedance Z s is typically very high compared to the ear impedance. Thus, for Z s → ∞ the term can be simplified to
Z trans,ec describes the transfer impedance of the ear canal and can be formulated either as a function of Z dr (see Eq. 3) or as a function of Z ec . The latter is given by
The sound pressure in the 2cc-coupler can be calculated similarly from its transfer impedance,
Hence, the RECD can be estimated from the ratio of the two transfer impedances,
Considering an additional leakage impedance Z leak in parallel to the ear canal, but as part of the input impedance Z ec , the resulting transfer impedance extends to
The third term containing e 12 and Z leak is usually about 20 dB smaller than the other components. Thus, this term can be neglected and the calculation of Z trans,ec is identical to Eq. 5. It should be noted, however, that now the leakage impedance is included in Z ec and Z trans,ec , respectively.
All following RECD prediction methods are based on estimating the individual transfer impedance Z trans,ec , which is given by the estimated ear canal parameters and either by the measured Z ec or the estimated Z dr . For calculcating the corresponding RECD, a theoretical two-port model of the 2cc-coupler is used according to [3] .
The six different methods are described briefly in the following sections.
Lossless Tube Ear Canal Model (M1)
The first method M1 estimates the ear canal parameters using a lossless tube ear canal model. The twoport transfer matrix of such a model is given by
where k represents the wave number, l the length of the ear canal model, Z w the wave impedance, the air density, c the speed of sound and S the cross sectional area in the ear canal. The length of the ear canal model is estimated from the λ/4 resonance of the measured ear canal input impedance. For the calculation of Z w a diameter of 7.5 mm is assumed, which corresponds to the ear canal diameter of the IEC 711 Ear Simulator.
Lossless Cone Ear Canal Model (M2)
Method M2 uses a lossless cone for modeling the ear canal. The corresponding two-port parameters are given by
The length of the ear canal model is again estimated from the λ/4 resonance of the measured ear canal input impedance. For the outer and inner diameter values of d ec = 9 mm and d dr = 6mm were chosen. These values were determined experimentally and tend to give good results in RECD prediction without systematic over-or underestimation.
Half T-Section Ear Canal Model (M3)
Method M3 models the ear canal using a half T-Section element consisting of an acoustic mass L, an acoustic resistance R and an acoustic compliance C, acting as a series resonant circuit. With e 22 = 1, the calculation of the estimated transfer impedance is simplified tô
The acoustic mass of a tube segment with length l and cross sectional area S is given by
The length of the model is again estimated from the λ/4 resonance of the measured input impedance. As in M1, a diameter of 7.5 mm was choosen. The resistance of this series resonant circuit can be estimated from the absolute bandwidth B of the λ/4 dip,
Ear Canal Model from Reflectance (M4)
Method M4 estimates the ear canal parameters using an optimized variant of the reflectance phase method [2, 4, 5] . Briefly, an ear canal model consisting of 32 lossy circular tube segments of equal length, but varying radius, is adapted to the reflectance measured at the inner face of the ear mold. Since the ear drum behaves nearly rigidly at high frequencies, the corresponding cost function
considers only frequencies above 3 kHz, and therefore, only information which is mainly influenced by the shape of the ear canal. Both the measured and modeled reflectance are computed with respect to the wave impedance of a tube with 7 mm diameter,
For the calculation of Z ec,model an averaged ear drum model according to [6] is used and partly modified at low frequencies, considering the individual leakage impedance acting in parallel to the ear drum impedance. In contrast to all other methods, the final estimate of Z trans,ec is computed from Z dr , see Eq. 3.
Eight-Parameter Ear Canal Model (M5/M6)
In the last two methods, the measured input impedance is fitted to a model which represents both the ear canal and middle ear. The general model structure is shown in Fig. 2 . The ear drum impedance is represented by the five-parameter middle ear model according to [7] . In order to model the ear canal, the first variant M5 uses the half T-Section model. In the second variant M6, the ear canal is represented by a lossless tube model, characterized by length and diameter, in combination with a single resistance. Altogether, both models depend on eight parameters each. For the nonlinear fitting process, the complex-valued and frequency-dependent cost function
is used, where x represents the set of eight parameters. The cost function is computed on a logarithmic frequency scale from 100 Hz to 8 kHz. In order to make the fit more robust in the presence of leakage, the cost function is weighted with 1/10 below 300 Hz and with 1/3 between 300 Hz and 500 Hz. Using MatLab's lsqnonlin function (Optimization Toolbox, www.mathworks.com), the nonlinear least squares problem
is solved. Since M(x) is still complex-valued, the sum of both the squared real and imaginary part is minimized. Finally, only the ear canal model is used for estimating the transfer impedance from Z ec .
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FIGURE 2:
Model framework of methods M5 (left) and M6 (right). In M5 the ear canal is represented by a half T-Section model, while M6 uses a lossless tube model im combination with a resistance R 3 .
RECD PREDICTION APPLIED TO SIMULATED DATA
In this section, the six prediction methods are analyzed with the help of simulated hearing aid couplings. The general model structure of the simulations corresponds to Fig. 1 . The source was modeled using a two-port model of a Sonion E50D hearing aid receiver, based on a SPICE model of the manufacturer, in series with a short tube of 5 mm in length, 1 mm in diameter and modeled as suggested in [3] . The dimensions of the tube correspond to a typical ITC 1 hearing aid device. In order to model the ear canal, 15 different radius functions from [8] were used. As suggested in [9] , the inner 4 mm of the simulated ear canals were modeled as a small volume in parallel to the ear drum impedance. The length of the models was limited to an approximated position between the first and second bend of the ear canal and ranged from 11.6 to 15.7 mm. The ear canals were terminated by an average ear drum model proposed in [6] . Furthermore, no leakage or venting was considered.
For each simulated hearing aid coupling, the simulated input impedance Z ec was used to predict the corresponding RECD. Subsequently, the predicted RECDs were compared to the simulated RECDs. Fig. 3 shows the resulting prediction errors for all six methods. It appears that M4 and M6 achieve the best performance with absolute errors below 1 dB for frequencies up to 6 kHz. At higher frequencies the absolute error increases, but remains within the ±5 dB range with only a few exceptions. The error of M1 and M2 exhibits more variance above 2 kHz, but still remains inside the ±5 dB range in almost all cases. M3 tends to overestimate the RECD between 3 and 7 kHz. Above 7 kHz, both M3 and M5 result in absolute errors of up to 20 dB. Apparently, these two methods cannot model the ear canal sufficiently, since the half T-Section model creates only one single resonance. In ear canal impedance measurements, one common error is an inaccurate estimate of the λ/4 resonance. To investigate the effect of such measurement errors on RECD prediction, we modified the length of the ear canal models by ±4 mm to create a shifted λ/4 resonance. At the same time we rescaled the cross sectional area of the models to maintain a constant ear canal volume. RECD prediction based on the input impedance of the modified ear canal models was performed. Afterwards, the predicted RECDs were compared to the simulated RECDs of the non modified ear canal models. The corresponding prediction errors can be seen in Fig. 4 . At frequencies above 6 kHz, an overestimated ear canal length tends to results in a higher RECD prediction compared to the originally predicted RECD and vice versa. At lower frequencies, the prediction error is nearly unaffected. Next, we analyzed the performance for extra small and large ear canal volumes. To this end, we doubled and halved the volume of the ear canal models by rescaling the cross sectional areas, without shifting the λ/4 resonance. The resulting prediction errors are shown in Fig. 5 . For M4 to M6 the ear canal volume has nearly no effect on the prediction error. Since M1 to M3 assume a constant ear canal diameter, the corresponding errors increase for small and large ear canal models at high frequencies. Thus, these methods are expected to perform worse for extreme ear canal sizes in practice . 
RECD PREDICTION APPLIED TO REAL EAR MEASUREMENTS
In this section, the performance of the six RECD prediction methods is evaluated using real ear measurements which were originally used in [4, 5] . This data contains measurements of p dr and Z ec for 20 ears with closed ear molds and for 28 ears with vented ear molds. Unfortunately, no 2cc-coupler measurements, and therefore, no RECDs are included in the data. But since several measurements were performed with the receiver coupled to rigidly terminated tubes of different length (for source model calibration), we used these as a coupler-reference instead. The two largest tubes, both 4.8 mm in diameter, had a length of 52.5 mm and 12.5 mm. The corresponding volumes were 0.95 cm 3 and 0.23 cm 3 , respectively. In general, for comparing measured and estimated RECDs, the choice of the reference measurement (e.g. in the 2cc-coupler) is not crucial, as long as the impedance of the reference system is small compared to the source impedance. Therefore, at low frequencies we used the larger tube as a coupler-reference due to its smaller input impedance. At high frequencies above 2 kHz, the impedance of the larger tube is no longer small, due to its resonances. Thus, we used the smaller tube at high frequencies instead.
In Figure 6 , the RECD prediction errors of all methods are shown for closed and open ear molds separately. First of all, it can be seen that below 500 Hz the prediction errors are considerably high for all methods. Since the transfer impedance equals the input impedance at low frequencies, these errors are probably not caused by the prediction methods themselves. Potential reasons are the poor signal-to-noise-ratio at low frequencies, especially for vented ear molds, and the difference of leakage between the measurements of Z ec and p dr . In the mid-frequency range, all methods perform similarly. However, M4 exhibits slightly more variance for closed ear molds. At high frequencies above 6 kHz, methods M3 and M5 perform worst, which was already expected from the simulation results.
To give a more comprehensible overview of the prediction performance, the mean absolute error of each method was calculated in different frequency bands by averaging the absolute dBvalues of the prediction errors along a logarithmic halftone spaced frequency scale. The results are given in Tab. 1. It can be seen that methods M1, M2 and M6 give the best performance with mean absolute errors ranging from 2.0 dB to 2.6 dB between 2 kHz and 5 kHz. For lower and higher frequencies, the mean absolute error is still smaller than 4 dB. 
DISCUSSION
The results of the RECD prediction on real ear measurements revealed methods M1, M2 and M6 to perform best in the frequency range from 100 Hz to 7 kHz. Considering the complexity of the different methods, M1 and M2 give the best compromise between effort and accuracy, since M6 is based on a rather complex nonlinear fitting process. Comparing the different approaches of estimating the ear canal transfer impedance, the methods can be divided into two groups. M4 estimates a complex ear canal model and calculates the transfer impedance using an averaged ear drum model, while the other methods calculate the transfer impedance from the measured input impedance using a rather simple ear canal estimate. In the latter case, the individuality is given by the ear drum impedance, which is contained in the estimated transfer impedance. In this research and in the frequency range considered, the second approach performs better. Furthermore, this approach is of advantage because the leakage impedance is contained in the ear canal input impedance, and thus, does not need to be estimated separately.
CONCLUSION
Six different methods for predicting individual RECDs, based on acoustic impedance measurements at the inner face of the ear mold, were compared to each other. Simulations showed that all methods are affected similarly by an inaccurate estimate of the ear canal length. Furthermore, when dealing with extra small and large ear canals, the methods which do not estimate an individual ear canal diameter are affected negatively. The evaluation on real ear measurements showed that relatively simple cylindrical and conical ear canal models yield the best compromise between effort and accuracy.
